and displays the mucosal surface. 17 Although virtual coto determine the optimal CTC scanning parameters lonoscopy has conceptual appeal for polyp detection, no based on an artificial colon model and to assess the clinical data have yet been published.
feasibility of CTC to detect clinically significant colo-
Our laboratory has developed a novel technique, CT rectal polyps. Methods: A colon model was scanned by
colography (CTC), that processes and displays two-di-
helical computed tomography at multiple parameters.
mensional helical CT images at cross sections and orthog-
Reformatted two-dimensional and three-dimensional onal angles to the center of the colon, potentially providimages were then graded for polyp detection and image ing quicker and more accurate polyp detection than an quality. Subsequently, 10 patients with known colon intraluminal three-dimensional surface rendering (virtual polyps underwent CTC immediately before colonoscolonoscopy). A prospective study was undertaken to decopy. The number of polyps detected by two radiologists using CTC were compared with colonoscopy retermine the optimal CTC scanning parameters based on 
Materials and Methods

¢0.5 cm were adenomas. Polyp detection by CTC for
To determine optimal CTC scanning parameters, an both observers was 100% (5 of 5) ¢1 cm, 71% (5 of artificial colon model with simulated polyps was created by 7) between 0.5 and 0.9 cm, and 11%-28% (2-5 of 18) affixing five vitamin E capsules (length, 1.5 cm; diameter, 0.7 õ0.5 cm. Conclusions: Based on this small, unblinded cm) inside 43 cm of tygon plastic tubing (external diameter, pilot study, CTC is feasible for colorectal polyp detec-3.0 cm; internal diameter, 2.4 cm). The tube was bent into a tion ¢0.5 cm in diameter. U-shaped configuration and then sealed in a plastic container surrounded by 5 L of ultrasound gel. The colon model was I scanned in a GE HiSpeed Advantage helical CT scanner (Genn industrialized nations, colorectal cancer is the second leading cause of deaths from malignancy. 1 Most large eral Electric, Milwaukee, WI) so that axial images depicted simultaneous cross sections of both tube ends (i.e., the longitubowel malignancies arise from preexisting adenomas, 2, 3 dinal axis was perpendicular to tube rotation). Images were a concept supported by a decreased cancer incidence folacquired with collimations of 3-10 mm, (Table 1) . After grading these parameters, the colon limited resources, methodological inadequacies, poor pamodel was rescanned using the optimally determined parametient acceptance, and therefore poor compliance. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Recently, ''virtual colonoscopy,'' a technique that cre- 120 kVp, and 20-second breath-holds. Three to four breathAfter transferring the original CT images to a computer holds were performed within 2 minutes, producing 350-400 workstation, an extraluminal three-dimensional volume renaxial images. The calculated effective total body radiation dose dering of the colon model was performed using commercially was 582 mrads for women and 423 mrads for men. 18 A 75% available software (ANALYZE; Biomedical Imaging Resource, reduction in radiation dose was achieved by reducing the tube Mayo Foundation, Rochester, MN). Simulated polyps were current from 280 mA to 70 mA after phantom studies at our manually segmented from the two-dimensional images, and institution showed near equivalent air-tissue contrast at both polyp location was visualized through translucent renderings doses. of the tube wall.
Image processing was performed with a computer workstaAll original two-dimensional and three-dimensional voltion (SPARC20; SUN Microsystems, San Jose, CA) using softume-rendered images were analyzed in a blinded fashion by ware developed at our institution. Image processing consisted two radiologists. Two-dimensional and three-dimensional imof manual definition of the colon centerline with automatic ages were each graded in two categories, tube edge definition generation of multiple reformatted two-dimensional images. and polyp edge definition, and graded on a scale of 0-4 (0, Centerline definition and evaluation each required approxinot seen; 1, poor; 2, fair; 3, good; 4, excellent). In addition, mately 10 minutes. two-dimensional images were graded for polyp detection using
In the first step, the colon centerline was manually defined the 0-4 scale to represent the average number of images that by drawing a series of points on any one of several images: detected each polyp. For example, a grade of 1 indicated that two-dimensional ( Figure 1A ) or three-dimensional ( Figure 1B ) each polyp was seen on average in only one two-dimensional axial, coronal, or sagittal CT images or images of a mathematislice, whereas a grade of 4 meant each polyp was seen on cally straightened version of the colon ( Figure 1C ). Midline average in four or more two-dimensional images. All five catecentering could be adjusted on a reformatted cross-sectional gories were then averaged for an overall image quality score.
two-dimensional image that was both perpendicular to and Once the in vitro imaging parameters were optimized, scancentered at the end of the trace ( Figure 1D ). After the centerning was performed in 10 patients (7 men and 3 women) with line was identified, the entire colorectum was essentially known colon polyps and ranging in age from 51 to 80 years straightened and ''cut'' in cross section, coronal, and sagittal (mean { SD, 63.8 { 9.9 years). Seven of 10 patients were orientations ( Figure 2 ). recruited following a positive barium enema, 1 of 10 following A multiple image display program allowed interactive evala positive proctoscopic examination, 1 of 10 following a posiuation of the reformatted images for polyp detection. Observers tive colonoscopy without polypectomy, and 1 of 10 for followcould cine through designated colon segments or rotate the up of a patient with known familial polyposis. Patients selected straightened colon 0-360Њ to allow inspection of the entire for the study were required to be between 40 and 80 years of circumference of the colon wall. Polyp location was localized on age, scheduled for colonoscopic polypectomy, and able to give three-dimensional colon renderings and reported as a distance written consent. Patients with colostomies, inflammatory measurement from the anal verge. Image evaluation required bowel disease, acute diverticulitis, a colon biopsy performed approximately 10-15 minutes per patient. in the previous 72 hours, a polypectomy in the previous 6 Two radiologists not blinded to colonoscopy results indeweeks, a glucagon allergy, or severe claustrophobia were expendently identified the number and location of polyps found cluded. This study was approved by our institutional review by CTC to compare with the number and location of polyps board.
found at colonoscopy. In the case of the patient with familial All patients underwent a standard oral colonoscopy preparapolyposis, only those polyps that were sampled and measured tion (polyethyleneglycol electrolyte solution and bisacodyl tabpathologically were included in the analysis. Polyp size was lets). Five minutes before the CT scan, 1 mg of glucagon was determined from pathology (n Å 20) or from colonoscopic injected subcutaneously to minimize bowel peristalsis. After estimates (n Å 10). the injection, the patient assumed a left lateral decubitus position for air insufflation of the colon using a hand pump. When
Statistical Analysis
the patient verbally indicated that air administration had reached maximal tolerance, the rectal tip was removed and the Polyps were divided into three groups based on size: patient rotated to a supine position. CT imaging was per-¢1 cm in diameter, between 0.5 and 0.9 cm, and õ0.5 cm. formed and patients subsequently underwent video-recorded For each size range, an estimation of the proportion of polyps colonoscopy later the same day.
found and exact 95% confidence intervals for the true proportion based on the cumulative binomial distribution were obAll CTC examinations were performed using a GE HiSpeed Advantage helical CT scanner (GE Medical Systems). After tained. Similarly, an estimation of the proportion of patients correctly diagnosed with polyps and exact 95% confidence colon insufflation, a breath-hold AP scout was obtained to assess luminal distention and to prescribe axial slices through intervals for the true proportion based on the cumulative binomial distribution were obtained. Ten study patients underwent helical CT followed by intervals and table speeds caused degradation of both colonoscopy to the cecum. A total of 30 polyps were two-dimensional and three-dimensional image quality.
detected by colonoscopy with the observed patient distriAlthough all reconstruction intervals°2.5 mm received bution: 1 patient without polyps, 1 patient with 1 polyp, 3 patients with 2 polyps each, 1 patient with 3 polyps, and 4 patients with 5 polyps each. Polyp location was as follows: 7 in the ascending colon, 1 in the transverse colon, 8 in the descending colon, 13 in the sigmoid colon, and 1 in the rectum. Polyps ranged in size from 0.2 to 2.0 cm with 5 (17%) ¢1 cm in diameter, 7 (23%) between 0.5 and 0.9 cm, and 18 (60%) õ0.5 cm. Eighteen of 30 lesions were sent for pathological analysis, and the remaining 12 were fulgarated. Fifteen of 18 specimens (83%) were neoplastic: 10 of 18 (55%) were tubular adenomas with low-grade dysplasia, 4 of 18 (22%) were tubulovillous adenomas with low-grade dysplasia, and 1 of 8 (6%) was a tubulovillous adenoma with focal high-grade dysplasia. The remaining 3 polyps were hyperplastic. All polyps ¢0.5 cm were adenomas. Four of 7 polyps õ0.5 cm were adenomas. The ability of CTC to detect individual polyps and to establish patient diagnosis was determined by comparing CTC results with colonoscopy results (Table 2 ). Both observers detected 5 of 5 polyps (100%) ¢1 cm and 5 / m4433$0036 12-07-95 12:59:47 gasas WBS-Gastro Computed by averaging the scores from two-dimensional and three-dimensional analysis.
of 7 polyps (71%) between 0.5 and 0.9 cm using CTC. detected by CTC, as were 5 of 7 patients (71%) with polyps Observer B noted 3 more polyps õ0.5 cm (5 of 18; between 0.5 and 0.9 cm. Observer A diagnosed 2 of 7 27.8%) than observer A (2 of 18; 11.1%) with 2 measurpatients (28.6%) with polyps õ0.5 cm compared with 3 ing 0.3 cm and 1 measuring 0.4 cm. The smallest polyp of 7 patients (42.8%) diagnosed by observer B (Table 2 ). detected by CTC was 0.3 mm. A total of 2 false-positive Seven of 10 patients had barium enema examinations results occurred in 2 separate patients. The identical performed preceding CTC and colonoscopy. One barium false-positive results were reported independently by enema examination was performed at an outside institution both observers and were estimated to be between 0. 5 and was not included in this analysis. Sixteen polyps were and 0.9 cm in diameter on CTC.
found by colonoscopy in the remaining 6 patients: 3 of 16 In the patient with familial polyposis, approximately (19%) ¢1.0 cm, 4 of 16 (25%) between 0.5 and 0.9 cm, 30 polyps between 2 and 6 mm were reported by colonosand 9 of 16 (56%) õ0.5 cm. Polyp detection by barium copy with 2 diminutive polyps on which biopsies were enema, CTC, and colonoscopy in this patient subset is performed measuring 0.2 cm. Although multiple small shown in Table 3 . polyps were noted on the CTC examination, we were Discussion unsure if these abnormalities represented one of the pol-CTC uses the same helical CT images as virtual yps on which a biopsy was performed. Therefore, it was assumed that the 2 polyps on which biopsies were percolonoscopy but produces multiple reformatted two-diformed were not detected by CTC.
mensional CT images instead of a three-dimensional intraluminal perspective for colorectal polyp detection. Four of 4 patients (100%) with polyps ¢1 cm were The detection of small polyps õ0.5 cm was less suc-
cessful (11%-28%) using this technique. This is not õ0.5 2 2 9
necessarily of great clinical importance because colon can-CTC was developed to provide improved polyp visualization and localization in less time and at less cost than virtual colonoscopy. CTC enhances polyp visualization through the excellent anatomic detail of two-dimensional images (Figures 1-3 ) and simplifies detection by the multiple image display tool. Unlike virtual colonoscopy, CTC can indicate the exact colon location of polyps by three-dimensional display or as a distance measurement. In addition, CTC uses approximately $20,000 of computer hardware and produces reformatted images within 10 minutes, whereas virtual colonoscopy requires upwards of $100,000 of computer hardware for image production. 17 This study was undertaken to determine the optimal scanning parameters for CTC and the feasibility of this technique to detect clinically significant colorectal polyps.
In vitro studies to determine optimal CT imaging techniques indicated that slice thickness in excess of 5 mm, reconstruction intervals ú1 mm, and table speeds more than a pitch of 1 degraded both two-dimensional and three-dimensional image quality. The best overall image quality was obtained using 5-mm collimation, 5 mm/s table speed (pitch of 1), and 1-mm reconstruction intervals. These parameters were also used by Vining and Gelfand in their preliminary report on virtual colonoscopy. 19 After reducing the radiation dose to 70 mA, the CT examination also had a calculated effective radiation dose comparable with barium enema examinations at our institution.
In vivo, this two-dimensional helical CT technique was coupled with specially designed postprocessing software and termed CTC. The key issue of this pilot study concerned the ability of CTC to detect polyps ¢1 cm because these polyps and those with villous-type histology are associated with a higher risk of future malignant changes. [20] [21] [22] [23] [24] Our results indicate that CTC allows excellent detection of these polyps with 5 of 5 polyps ¢1 polyp measuring 0.9 cm was missed due to inadequate / m4433$0036 12-07-95 12:59:47 gasas WBS-Gastro cer is not significantly increased in patients with small pending faster CT scanner capabilities and optimized scanning parameters. Image reconstructions currently repolyps when compared with the general population 25 and the risk of cancer in a polyp this size is remote quire 20 minutes, and image transfer, midline identification, and image evaluation each require 10 minutes. (õ0.1%). 26 The identification of polyps õ0.5 cm using CTC is challenging because the normal characteristics of Time requirements for image postprocessing will likely also decrease with improvements in helical CT technolhaustral folds are variable and may resemble diminutive polyps in certain views. Further experience viewing these ogy, increased computer power, and programming modifications to allow real-time display. The projected cost folds with this technique should allow improved differentiation between normal and abnormal colon.
of this procedure may be reduced because it requires half the time (and potentially half the cost) of a standard CTC offers many potential advantages over currently noncontrast abdominal CT. Conceivably, the examinaavailable colorectal cancer screening tests such as anation would be of comparable cost to barium enema and tomic assessment of the entire colorectum, the capacity significantly less than colonoscopy, but the actual charges to detect small polyps, and excellent patient tolerance.
have yet to be determined. Furthermore, the minimal Sigmoidoscopy views only the distal colorectum, a serious examination time could facilitate compliance with neolimitation considering the shifting incidence towards plastic screening. proximal cancers. 27, 28 Widely used fecal occult blood tests Two technical problems during prescan preparation fail to detect the large majority of polyps 7 and, unlike and image acquisition were encountered during this structural screening, 4 their repeated application does not study: inadequate luminal distention and breath-hold arreduce colorectal cancer incidence.
29 Colonoscopy has tifacts. Distention problems may be solved by minimizmultiple disadvantages, including patient sedation, paing patient movement following colon insufflation. This tient discomfort, risk of perforation, and inability to may be accomplished by not removing the enema tip, reach the cecum in 5%-10% of cases. 30 Although feasiimaging in the decubitus position or insufflating in a bility of the CTC technique for colorectal polyp detection supine position, and scanning immediately following cowas shown in this small patient group, a more accurate lon insufflation. In addition, image acquisition from a assessment of this method will ultimately depend on caudal to cephalic position may ensure optimal rectosigcarefully performed, prospective, blinded comparisons moid distention. In this study, all patients were imaged against colonoscopy and barium enema.
from a cephalic to caudal position because this is tradiIn the 6 patients with barium enema examinations tional in CT image acquisition. performed at our institution, 4 polyps ¢1.0 cm were Our second technical problem concerned breath-hold reported that were not seen by colonoscopy or CTC. misregistration between the three or four 20-second Because colonoscopy was considered the gold standard breath-holds. No patients were able to perfectly reproin this study, these 4 polyps were considered as falseduce a breath-hold position, causing either overlap or positives by the barium enema examinations. CTC may deletion of small segments of the colon, which interfered offer a potentially more accurate and complete colon exwith complete colon examination in 2 cases. This probamination than a barium enema because of the improved lem could be improved in multiple ways: (1) increasing sigmoid examination and visualization of the rectum, the pitch to allow imaging in one breath-hold, (2) perhaps replacing the need for two examinations (procallowing shallow breaths during one acquisition, (3) actoscopy or sigmoidoscopy plus the fluoroscopic barium quiring data in overlapping sections, (4) improving enema) with one examination (CTC) requiring õ10 minbreath-hold reproducibility by more concentrated patient utes. The double-contrast barium enema does visualize teaching, (5) using respiratory-gating software, or (6) the rectum routinely but was not assessed in this study.
scanning with electron-beam CT to allow a single breathThe minimal cramping noted by some patients in this hold image acquisition. study could be reduced with colonic insufflation using CO 2 instead of room air.
31-33
Retained fecal material was not found to be a significant problem. This may be explained by the small numThe total time required for an entire CTC study is ber of patients studied or the likelihood that our patient approximately 1 hour, which can eventually be minipopulation carefully complied with the preparation inmized in future studies. The patient examination requires structions. Further investigation of the ideal preparation 10 minutes, which compares favorably with both for this examination will be needed. colonoscopy (30 minutes plus 1 hour recovery) 11, 16 and is comparable with barium enema (14 minutes plus film
In conclusion, based on our experience in 10 patients, we believe that CTC of an air-filled colon with reformatreview). 16 The patient examination time may be reduced examinations will be needed to determine the sensitivity 18. Zankl M, Panzer W, Drexler G. The calculation of dose from exterand specificity of this new technique.
nal photon exposures using reference human phantoms and monte carlo methods. In: Part VI: organ doses from computed tomographic examinations (GSF-Bericht 30/91). Neuherberg,
